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Summary o f  A c t i  v i  t i e s  
Thermoradiation S t b r i l i t a t i o n .  A c t i v i  tie? t h i s  quar ter  have been 
oted t a  the  j nves t5ga t io  thermoradi a t i  on phenomenon 
atmbsphere s ince present plans' f o r  terminal  d ry  heat 
' ster i ' l? tail on o f  spacecraf t  'zaTl* f o r  a n i t rogen environment. The 
oxygen dependency of r a d i a t i o n  i n a c t i v a t i o n  o f  organisms ( a t  ambient 
temperatures) i s  w e l l  known, bu t  t h i s  e f f e c t  ' no t  been prev ious ly  
inves t iga ted  a t  elevated' temperatures. 
experiments wer 
The fdl l o w i  ng ser ies  o f  
- i  * 
I :  
Dose Rate 
5 
' Ambient '(23°C) 660 kradslhour 
Ambi ent  ( 2 3 O C )  32 krads/hour 
m 
None ' gsoc 1, ' 
9 5 O C  4 krads/hour 
9 5 O C  11 krads/hour 
9 5 O C  38 krads/kour 
' 9 5 O C  85 krads/hour 
The i ~ a ~ t ~ v a t ~ o n  r a t e  appears t o  depend upon dose ra te ,  b u t  i n  a less  
$ ~ ~ ~ k i ~ g  m ~ n n @ ~  than w i t h  a standard atmosphere. A synergism e x i s t s  and 
the  'loptimal" dose r a t e  occurs i n  the  same region prev ious ly  i d e n t i f i e d  
f o r  a standard atmosphere. The wo k a t  ambient temperature was i n  
agreem@nt w i t h  behaviop prev-iously reported i n  the 1 i t e r a t u r e  I )  
Mechanism Studies i n  ~ h e ~ o r a d i a t i o n  I ac t i va t i on .  Severa 
are being taken i n t o  the  i n v e s t i g a t i o n  o f  t h e  mechanisms o f  thermoradiat ion 
i n a c t i v a t i o n .  These approaches invo lve  both experimental and modeling 
e f f o r t s .  
Assuming t h a t  a spore may be vlewed as a b i o l o g i c a l  s.ystem eomposed 
o f  various classes o f  biopolymers, one approach i s  t o  study the  i n d i v i d u a l  
response o f  members o f  each o f  these classes t o  thennoradiat ion treatment. 
It i s  expected t h a t  a c o r r e l a t i o n  between a t  l e a s t  one o f  these classes 
and spore i n a c t i v a t i o n  can be gained by us ing prev ious ly  developed models. 
As a s t a r t i n g  place, a b a c t e r i a l  v i r u s  T4 phage, was exposed t o  
thermoradiat ion and the  k i n e t i c  data analyzed using a genera l i za t ion  o f  
the  thermoradiat ion i n a c t i v a t i o n  model p rev ious ly  reported. 
The T4 phage was chosen because the work o f  others suggested t h a t ,  a t  
l e a s t  w i t h  rad ia t i on ,  the  nuc le ic  ac id  i s  t he  cons t i tuent  p r i m a r i l y  in -  
volved i n  i n a c t i v a t i o n .  
e f f i c i e n t  way o f  studying the  e f f e c t  o f  thermoradiat ion on t h i s  c lass o f  
b i  opol ymer . 
I f  so, phage stud ies present a reasonably 
As a r e s u l t  o f  these studies and analyses, the  model o f  thermoradiat ion 
i n a c t i v a t i o n  o f  spores has been s l i g h t l y  modif ied' t o  inc lude a term 
representat ive o f  "breakage" A1 so one begins t o  eoncl ude t h a t  the  
under ly ing causes o f  spore and phage i n a c t i v a t i o n  by thermoradiat ion are 
very s i m i l a r ,  possdbly no t  d i f f e r i n g  i n  general reac t i on  type, bu t  on l y  
i n  the molecular s t a b i l i t y  inherent  i n  the  system. 
Based on the a1 inactivation 
e f for t s  which describe spore inactivation i n  chemical kinetic termsg i t  
was postulated i n  previous reports that  the behavior o f  spore inactivation 
as a function of 
a 'Ispi ked" chara 
er act ivi ty  ( o r  low values of Aw, m i g h t  be o 
A spike i n  this region would have practical 
implications because of i ts  proximity t o  the actual RH value anticipated 
for  spacecraft s t e r i  1 i mation. 
opment of apparatus capable of precise control and measurement of RH i n  
Previous ac t iv i ty  has centered on the devel - 
low ranges. 
system. These data suggest strongly that  such a spike does indeed exis t .  
Preliminary data was obtained this quarter using this 
Computerized Identification System. T h i s  act ivi ty  was completed d u r i n g  
the past quarter, and a document describing i t  is  i n  press. A computer 
program, suitable for  inclusion i n  the Lunar Information System, has 
been written. Using the bio ogical data taken by the PHS Spacecraft 
Bioassay Laboratory from the Apollo 10, 9 1 ,  12  and 13 spacecraft, the 
program i s  capable of obtain ng the same identification as PHS personnel 
i n  excess o f  90% o f  the time. The remaining disagreement is  a t t r ibutable  
to  two causes: 
cardsI and the f ac t  that  occasional identifications are  made a t  the 
h w i t h  samples i n  hand tha t ,  rom the computer's point o f  view9 cannot 
be identified (be ing  unacceptably d i  
on the information given i t ) .  
errors i n  data recording or transcription to  punched 
erent from defined categories based 
7 -8 
Thennoradiation S ter i l iza t ion  
A. Description. The objective o f  this ac t iv i ty  is t o  thoroughly i n -  
vestigate the s t e r i l i z ing  effects of combinations of heat and 
radiation, and t o  assess the pract ical i ty  o f  this 
c ra f t  s te r i l i za t ion .  Themoradiation offers the possibl l i ty  of 
s t e r i l i za t ion  a t  temperatures less  t h a n  1flC)OC a t  w dose rates 
of approximately 10 krad/hour. This is  possible because of a 
synergistic e f fec t  i n  bacterial inactivation w h i c h  has been observed 
when combinations of  heat and gamma radiation are  applied simulta- 
neously. 
c 
ocess f o r  space- 
Should any spacecraft components prove t o  be heat sensitive 
ratures, thermoradiation offers a potential means o f  
1 i ab  i 1 i t y  probl ems . 
pear t o  be potentially s ignif icant  spin-off poss ib i l i t i es  
b 1  
for  the thermoradiation process i n  the s t e r i l i za t ion  of drugs, phar-  
maceuticals cosmetics, medical products and food. This is  particularly 
true a t  the lower temperatures. 
k 3  
- I  
i. 
B o  Pro-gress. 
ies this quarter were primarily concerned'witb the  effective- 
ness o f  thermoradiation i n  a nitroqen atmosphere. Since present 
plans fo r  terminal dry heat s t e r i  1 i zat i  on of spacecraft i ncl ude 
the use of dry nitrogen as a working gas, i t  i s  necessary t o  
I 6,  determine how thermoradiation inactivation i s  effected i n  an 
oxygen free atmosphere. The oxygen dependency of radiation 
? <  
i n a c t i v a t i o n  has been es tab l i shed by a number o f  i n v e s t i g a t o r s ,  
Fo r  example, Proc tor ( ' )  found t h a t  an inc rease o f  33% i n  t h e  . 1 .  
i n a c t i v a t i o n  dose was requ i red  f o r  - B. s u b t i l i s  spores i n  d r y  
n i t r o g e n  as compared t o  i r r a d i a t i o n  i n a i  r H o l l  aender(7) found 
even g r e a t e r  d i f f e r e n c e s ,  t h a t  i s ,  reduced r a d i a t i o n  i n a c t i v a t i o n  
i n  n i t r o g e n  as compared t o  a i r  f o r  -- E. c o l i .  No prev ious work 
was found t h a t  was app l i cab le  t o  n i t r o g e n  e f f e c t s  on simultaneous 
gamma r a d i a t i o n  and d r y  heat  i n a c t i v a t i o n .  
Ma te r ia l s  and Methods. Basic equipment used i n  the  n i t r o g e n  
experiments was the  same as f o r  prev ious thennorad ia t ion  
exper imentat ion.  Ovens used were s u f f i c i e n t l y  t i g h t  t o  permi t  
t h e  use o f  b o t t l e d  n i t rogen  w i t h o u t  excessive expendi tures.  
A n i t r o g e n  f l o w  of l / 4  t o  1/2 CFM was maintained through the . A 5  
cu. ft. ovens us inq  commercial grade n i t r o g e n  s i m i l a r  t o  what 
w i l l  most l i k e l y  be' used i n  te rmina l  spacecra f t  s t e r i l i z a t i o n .  
This  grade has t h e  fo l low ing  s p e c i f i c a t i o n s :  Ni t roqen,  l i q u i d  
pumped, 99.9952 pure. 
cu. ft. , 30 pprn ox.vqen, 5 ppm carbon bear inq gases, 5 ppm 
I m p u r i t i e s  n o t  t o  exceed, 9 qr H Z O / l W l  
hydrog.en, a t r a c e  o f  argon, hel ium, neon, dewpoint l ess  than 
- 7 6 O F .  
( ' )Proc tor ,  Bernard E .  , G o l d b l i t h ,  Samuel A . ,  Oberle, Mar i l yn  
and M i l l e r ,  W i l l i am C., " R a d i o s e n s i t i v i t y  o f  B a c i l l u s  s u b t i l i s  
under d i f f e r e n t  environmental cond i t i ons  .,I' Radia t ion  Research 
- 3:295-303, 1955. 
(*)Hol laender,  A . ,  Stapleton,  G. E . ,  and Mar t i n ,  F. L . ,  "X-Rav 
s e n s i t i v i t y  o f  -- E. c o l i  as -mod i f ied  by oxygen-tension,"  Nature,  
- 167, 103 1551. 
10 
- 6. sub t i l i s  spores i n  an ethanol suspension were pipetted 
on t o  1" x 1 "  aluminum planchettes. After evaporation o f  ethanol 
samples were placed in a vacuum over Drierite for 15 hours prior 
t o  s te r i l i za t ion  treatment e 
heat a1 one radiati  on a1 one and then thermoradi a t i  on in nitrogen 
t o  determine the individual effects on the heat and radiation 
inactivation components as well as for  themoradiation. 
Results. 
establish the inactivation ra te  of heat alone. The resul ts  are 
shown in Figure 1 .  
was 4.4 hours. 
Experiments were perfowned usi nq 
A dry heat experiment a t  95OC i n  NZ was performed t o  
The D-value obtained from this  condition 
The next experiments were t o  determine radiation inactivation 
in N2 a t  room temperature. 
dose rates with results shown in Figures 2 and 3. 
obtained ranged from 133 krads per log reduction a t  the h i g h  dose 
ra te ,  Figure 2 ,  t o  145 krads per log reduction a t  the lower dose 
ra te ,  Figure 3. 
Experiments were completed a t  two 
D-values 
The experimentation i s  n o t  sufficiently complete 
t o  establish any definition o f  the dose rate  sensi t ivi ty  i n  N?. 
I t  i s ,  however, evident t h a t  the dose required for radiation 
inactivation in N2 i s  greater t h a n  the radiation dose required 
in a i r .  
1 and 2 .  Experiments are planned a t  three additional dose rates 
t o  define the dose rate  characterist ic in N 2 "  
This corroborates the work previously cited in References 
lhermoradiation experiments a t  9 5 O C  in N2 were next completed 
a t  dose rates o f  4 krads/hour, I 1  krads/hour, 38 krads/hour and 
85 krads/hour. The  resulting curves a r e  shown i n  Figures d ,  5 ,  
6 and 7 and a r e  summarized i n  Figure 8. The D-values varied from 
about 1 hour a t  the 45 krad/hour r a t e  t o  3 .4  hours a t  4 krad/hour. 
Ail  interestinq comparison i s  then made i n  Figure 0, where the 
thermoradiation d a t a  i n  N2 is compared t o  similar thermoradiation 
d a t a  i n  a i r .  Although the D-value i n  N? f o r  high dose r a t e s  i s  
gene ra l ly  somewhat higher than i n  a i r ,  a t  the optimal dose r a t e  
of I n  krads/hour, there is  e s s e n t i a l l y  no difference i n  D-value. 
2. An add i t iona l  a r ea  under i n v e s t i g a t i o n  i s  the thermoradiation 
effectiveness on mated s u r f a c e  contamination. I n i t i a l  con tac t s  
have been made w i t h  I .  J .  Pflug, University o f  Minnesota, and 
r e p o r t s  have been obtained on the system used by the University 
of Minnesota f o r  the dry heat studies of mated s u r f a c e  con- 
tamination. 
wherever possi bl  e e 
We hope t o  make use of  e s t ab l i shed  techniaues 
12  
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echanism Studies i n  Thermoradiation Inactivation 
A. the inactivation o f  spor s by dry heat 
have been presented i n  previous reports (SC-RR-7n-439 and SC-RR-67-256) I) 
These analyses have yielded a mathematical expression (model ) which 
successfully describes and predicts the response of bacterial spores 
t o  dry heat inactivation a t  any given condition of time and temperature. 
The basic premise of these analyses has been t h a t  spore inactivation 
proceeds by some event or  chain of events which have the property(ies) 
of a chemical reaction and, therefore, will obey the theories of 
reaction ra te  kinetics. This premise serves as the conceptual basis 
for the model. 
chemical transformations occurring w i t h s ’ n  the spore, and such i n -  
activating transformations are held t o  be governed by the theories o f  
chemical kinetics. Formally, the model at tempts  t o  re la te  a kinetic 
expression t o  the physico-chemical changes occurring w i t h i n  the spore. 
Therefore, although the model is derived from an analysis of  survival 
data, i t  is  not simply an expression obtained by curve f i t t i n g  o f  
the data. The conceptual basis of the model implies t h a t  the terms 
of the mathematical expression which consti tute the model should 
re f lec t  the various inactivating mechanisms operative in the organisms. 
An analysis of microbial inactivation w i t h  such a conceptual basis 
should yield a model which predicts not only the response of  bacterial 
spores to  a given inactivating treatment, b u t  should also give insights 
in to  the mechanism(s) o f  the inactivating process. 
Inactivation is  considered t o  resul t  from physico- 
t has been poss ib le  t o  analyze t h e  k i n e t i c  da ta  obta ined f o r  
t h e  s y n e r g i s t i c  i n a c t i v a t i o n  o f  spor  s by thennorad ia t ion  (SC-RR-69-857 
and SC-RR-70-423) i n  a s i m i l a r  manner and t o  develop a model 
(SC-RR-70-203) which accura te ly  p r e d i c t s  the  r a t e  o f  spore i n a c t i v a t i o n  
as a f u n c t i o n  o f  r a d i a t i o n  dose r a t e  and temperature and t h e  ex ten t  
o f  spore s u r v i v a l  a f t e r  exposure t o  a g iven dose o f  combined heat 
and i o n i z i n g  r a d i a t i o n .  The f a c t  t h a t  a one term model o f t e n  suc- 
cess fu l  l y  descr ibes the  d r y  heat  i n a c t i v a t i o n  o f  spores, w h i l e  a two 
term model i s  needed t o  descr ibe t h e  s y n e r g i s t i c  i n a c t i v a t i o n  o f  
spores by  thermorad ia t ion  may have i m p l i c a t i o n s  i n  terms o f  t he  
mechanis t ic  processes i nvo l ved  i n  t h e  two i n a c t i v a t i n g  environments e 
This  q u a r t e r ' s  research e f f o r t s  were d i r e c t e d  towards i d e n t i f y i n q  
t h e  biopolymer subs t ra tes  w i t h i n  t h e  spore which experience the  
i n a c t i  v a t ?  ng phys i  co-chemi c a l  t rans  fo rma t i  ons i n a thermo- 
r a d i a t i o n  environment. The approach used i n  t h i s  s tudy i s  t o  COP- 
s i d e r  a spore as a b i o l o q i c a l  system composed o f  var ious c lasses of 
biopolymers ( n u c l e i c  ac ids,  p ro te ins ,  l i p i d s ) .  The method se lec ted  
f o r  s tudy ing  t h e  mechanism o f  t he  s y n e r g i s t i c  i n a c t i v a t i o n  o f  spores 
by thermorad ia t ion  i s  t o  s tudy the  i n d i v i d u a l  response o f  each c lass  
o f  b iopolymer t o  thermoradiat ion,  and t o  observe i f  any c o r r e l a t i o n s  
e x i s t  between the  i n a c t i v a t i o n  o f  a g iven  c lass  o f  b iopolymer and t h e  
i n a c t i v a t i o n  o f  spores. 
A b a c t e r i a l  v i r u s ,  Td phage, has been exposed t o  thennorad ia t ion  
and t h e  k i n e t i c  data has been analyzed i n  terms o f  an extens ion o f  
t h e  thermorad ia t ion  i n a c t i v a t i o n  model f o r  spores (SC-RR-9n-7T) e 
24 
T4 phage consists essentially o f  a nucleic-acid molecule enclosed i n  
a protein coat and as such offers the simplest biological en t i ty  
w h i c h  exhibits a biologically functional nucleic acid. Therefore, 
by sLibjecting T4 phage t o  thewnoradiation and by observing the 
effect  o f  such exposure on the biological functioning of the virus 
one can g a i n  additional information on how the biological ac t iv i ty  
of nucleic acids is affected by thermoradiation. 
and Setlow, J , ,  Arch. Biochem. Biophys. - 43, 136-142 (1953) fo r  
indication tha t  i t  i s ,  indeed, the nucleic acid t h a t  i s  pr marily 
affected.) An understanding of the effect  of the combined inactivating 
environment upon the functional nucleic acid of  the TI! phage w i t h i n  
a spore could provide a base for  understanding the role o f  the 
nucleic acid i n  the inactivation of the spore by  thermoradiation. 
(See Pol ard,  E . ,  
B e  Progress 
1 e Experimental Procedures Three different  series of experiments 
were r u n .  These are  designated A ,  B and C below, Experimental 
protocol A consisted of exposing a T4 phage suspension (approx- 
imately 5 x 10 phage, 1% tryp icase soy b r o t h )  t o  heat alone and  
t o  a composite environment of heat and gamma radiation. 
case, samples consisted of 2 ml amounts o f  the 5 x I n  phage pe 
ml suspension placed i n  t e s t  tubes which were covered w i t h  s t e r l l e  
a luminum fo i l  Heating was accomplished u s i n q  a Blue M, "Magni- 
Whirl constant temperature bath w h i c h  provides a control o f  
- + 0.1OC a t  the designated temperature. The t e s t  temperatures used 
6 
In each 
6 
for  both  the heat alone and the thermoradiation experiments 
were 23, 55, 60, 64 and 66OC. 
were r u n  a t  each temperature with the exception of the 23OC and 
F C O C  studies. 
one experiment was performed a t  F O O C .  
runs, a dose rate o f  approximately 3n.6 kilorads per hour was 
used i n  each case. For a l l  experiments, duplicate dilutions 
were prepared from each o f  the duplicate samples which were taken 
a t  exposure times o f  0 ,  30 and 60 minutes. The  assay o f  the 
phage counts was accomplished us ing  s t anda rd  plaque counting 
procedures w i t h  -- E. coli as the host bacteria. 
tion of this assay procedure will be presented i n  another report 
now being prepared. 
Duplicate se t s  o f  experiments 
S i x  experiments were carried out a t  23OC and only 
For the thermoradiation 
A detailed descrip- 
In experimental protocol R ,  both heat alone and thermo- 
radiation experiments were performed a t  23OC and 6 4 O C  as explained 
previously w i t h  the exception that the radiation dose ra te  was 
lowered t o  approximately 7.9 kilorads per hour. T h i s  was done 
t o  determine the dose r a t e  dependency o f  the ra te  o f  phage 
inactivation i n  the composite environment. Experimental protocol 
C consisted o f  i r r a d i a t i n g  the phage suspension a t  a dose ra te  
o f  30,F kilorads per hour  a t  F 4 O C  and W°C while us ing  an 
i n i t i a l  viable phage population o f  approximately 10 phaqe per 8 
6 m l  rather than approximately 5 x 10 phage per ml. T h i s  was done 
t o  determine the i n i t i a l  concentration dependency o f  the ra te  of 
phage inactivation i n  the composite environment. 
2. Experimental Results. I n  each case, the inactivation of a 
freshly prepared phage population provided a vegy s 
inactivation curve on a semilog plot. However, i t  was observed 
t h a t  phage stocks over three weeks old would exhibit a biphasic 
inac t iva t ion  curve w i t h  the i n i t i a l  ra te  of inactivation greater 
than the l a t e r  rate.  T h i s  was seen for  bo th  the heat alone and 
the thermoradiation treatments. 
Since the semilog plots of the phage inactivation are very 
l inear ,  the expected population of phage, E [ P ( t ) ] ,  as a function 
of time, t ,  may be represented by the expresqion 
- k T t  
E c P ( t ) ]  = P(o)e 
fnr the thermal inactivation and 
E [ P ( t ) ]  = P(o)e-kt ( 2 )  
for  the thermoradiation inactivation where P(o) is  the in i t i a l  
viable phage population and kT and k are the inactivation r a t e  
parameters i n  inverse hours for thermal inactivation and thermo- 
radiation inactivation respectively. For each experiment values 
and k have been determined bv f i t t i n g  the natural logarithm 
of the data w i t h  a s t ra ight  l ine us ing  a l eas t  squares norm. 
These results f o r  experimental protocol A are presented in 
Table I ,  
For experimental protocol B ,  the value o f  k a t  the lower 
dose r a t e  of 7.9 k i lorads  per hour was ound t o  be approximately 
0.1799 hour-’ a t  2 3 O C  and approximately 2.F82 hour-’ a t  a 
temperature o f  M 0 C .  
provides an ind ica t ion  o f  the dose rate dependency o f  k. 
Comparison w i t h  analogous values i n  Table I 
When the i n i t i a l  phage population was increased from 
6 approximately 5 x 10 phage per ml t o  approximately I n q  phage 
per m l ,  a t  30.6 k i lorads  per hour the value f o r  k was found t o  be 
3.813 hour-’ a t  64OC and 8.527 hour-’ a t  W O C .  These values a r e  
lower than t h e  means o f  the analogous values i n  Table I .  
A graphic  example o f  the phage inac t iva t ion  which shows the 
comparison between thermal and thermoradiation i n a c t i v a t i o n  r a t e s  
is shown i n  Figure I .  This graph shows very dramat ica l ly  t h a t  the 
phage a r e  inac t iva t ed  s y n e r g i s t i c a l l y  by thermoradiation s ince  
the degree of i nac t iva t ion  a t  any time i n  the heat and r a d i a t i o n  
environment i s  g r e a t e r  than t h a t  of the sum o f  the inac t iva t ions  
of the thermal environment and the r a d i a t i o n  environment a t  
ambient temperature.  
3. Inac t iva t ion  Modeling f o r  T4 Phage. W i t h  the k i n e t i c  model 
represent ing  t h e  themorad ia t ion  inac t iva t ion  o f  the Td phage, 
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TABLE I 
Temperature Thermal Inactivation Thermoradi ation Inactivation 
Rate kT Pate* k 
O C  Hour-' Hour-' 
23 = 0  n.F@1 
23 szn n. 666 
23 zfl 0 e 6 A Q  
23 "xg n.732 
23 
23 
Zf l  
x n  
n.751 
n 7nq 
55 n. 235 1 . n l ?  
55 
51) 
9.993 
2.118 
6d 2.116 A .  556 
64 
66 
2.3811) 
6.014 
66 0.595 11.43? 
Radiation dose rate = 30.6 kiloradslhour 
(Equation 2)  
k, 
re1  a t i  ve l y  constant f o r  temperatures below approximately 5n°C, 
a th ree  term model f o r  t he  parameter k has been selected. This  
expression i s  
an attempt was made t o  f u r t h e r  analyze the  parameter 
Since the  r a d i a t i o n  induced i n a c t i v a t i o n  o f  t he  phage i s  
where kT i s  t he  i n a c t i v a t i o n  r a t e  due t o  heat alone, kR i s  t he  
temperature independent r a d i a t i o n  i n a c t i v a t i o n  r a t e  associated 
w i t h  bond breakage o r  o ther  Po in t  defects  i n  a c r i t i c a l  sub- 
s t r a t e  r e s u l t i n g  from the  ac t i on  o f  gamma photons, and kTR i s  
t he  temperature dependent i n a c t i v a t i o n  r a t e  o f  a chemical process 
sponsored by the  a c t i o n  of t h e  r a d i a t i o n .  One i n t e r p r e t a t i o n  c f  
kTR i s  t h a t  i t  represents t h e  r a t e  a t  which f r e e  rad i ca l s  formed 
by the  r a d i a t i o n  reac t  w i t h  a c r i t i c a l  subs t ra te  such as the  DNA 
o f  the  phage. 
phage are: 
The foms o f  the  th ree  r a t e  parameters f o r  TA 
a nd 
where 
K = 1.38045 x erg./deg.Kelvin, 
h = 1.8403 x l f 3 '  e rg  e hours 
R = 1.913726 ca l  o r i  es/deg /mol e 
T = temperature i n  degrees Kelvin, and 
rd = r ad ia t ion  dose r a t e  i n  kilorads/hour. 
A t  a dose r a t e  of 30.6 kilorads/hour the parameter kTR may be 
written 
The parameter values i n  Equations 4 ,  6 and 7 and the forms of the 
reaction r a t e  expressions a r e  completely analogous t o  those re- 
ported f o r  spore inac t iva t ion  i n  SC-RR-70-203, and i n  OR-15 and 
QR-16. 
by minimizing the sum of the absolu te  values of  the difference 
between the mean o f  the da ta  a t  each temperature and dose ra te  
and the value provided by the model. 
ava i l ab le  from the ac tua l  experiments, and da ta  f o r  kTR was 
obtained by sub t r ac t ing  the sum of  kT and kR from k a t  each 
temperature. 
the  means o f  the inac t iva t ion  r a t e  da ta  a t  23OC and dose r a t e s  
o f  0, 7-9 and 30.6 ki lorads per hour w i t h  a s t r a i g h t  l ine using 
a l e a s t  squares nom. 
The actual  parameters values of  kT and kTR were determined 
Data f o r  kT was r ead i ly  
The form o f  kR i n  Equation 6 was obtained by f i t t i n g  
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Figure 2 provides a comparison o f  the model predictions of 
k = kT + k R  f kTR a t  a dose r a t e  of 3n.6 kilorads per hour w i t h  
the means o f  the experimentally determined values of k a t  each 
temperature. 
obtained from the model definitions of these terms along w i t h  
the means of the corresponding experimental ly determined values . 
An important point concerning the information presented i n  
Figure 3 has t o  do w i t h  the re la t ive placement of the curve 
of kTR + k R  and of kT. 
combinations o f  heat and various kinds of radiation for the 
inactivation of various biological systems i n  the past have 
reported seemingly conflictinq data on the action o f  the combined 
environment and on the existence of synergistic inactivation. 
An explanation of these conflicting reports may be obtained 
from Figure 3. 
effect  of temperature changes i n  the ranqe of temperatures u p  
t o  approximately 5n°C on the radiation sensi t ivi ty  of Ta phage 
inactivation would report no noticeable effect .  This i s  true 
since the kTR term representinq the inactivatinq action o f  the 
radiation induced free radicals i s  essentially zero for temperatures 
below 50OC, and the k R  term i s  constant. 
temperatures above approximately F F O C  the kT term i n  the i n -  
act i  vati on expressi on of k would compl etely domi nate the kTR 
term since kT i s  becoming larger a t  a m ch faster  ra te  than i s  
Figure 3 shows two separate plots of kT and kR f kTR 
People who have investigated the use of 
I n  the case of Tfi phaqe, anyone checking the 
On the other hand, for  
kTR w i  t h  increases  i n  temperature. Therefore,  anyone inves- 
t i g a t i n g  thermoradiation inac t iva t ion  of T4 phage a t  temperatures 
above 6'C would probably repor t  t h a t  no syne rg i s t i c  inac t iva t ion  
exis ted s ince  the kTR term would be l o s t  i n  t he  experimental 
noise when t ry ing  t o  determine i t  from the expression 
kTR = k - kp - kR. 
In o ther  words, even though s y n e r g i s t i c  inac t iva t ion  does e x i s t  
a t  the  higher temperatures, i t  is  not r ead i ly  observable on an 
experimental bas i s .  On t he  same bas i s ,  the  s c a t t e r  i n  exper- 
imentally determined values f o r  kTR becomes much g rea t e r  a t  the  
higher temperature s ince  the  s c a t t e r  i n  k becomes l a rge r  f o r  very 
f a s t  reac t ions  and s ince  kTR provides only a very small percent 
o f  k .  
3 .  Inac t iva t ion  Modeling f o r  Spores. Since a th ree  term model for 
the inac t iva t ion  r a t e  parameter k was found t o  be required f o r  
T4 phage inac t iva t ion ,  the f a c t  was made apparent t h a t  the i n -  
a c t iva t ion  of Baci l lus  subtilis var .  niger spores i n  t he  dry 
s t a t e  should depend lipon the  same general model when exposed t o  
thermoradiation. 
phage work s ince  a l l  experiments w i t h  spores had been car r ied  
out a t  temperatures g rea t e r  t h a n  2 3 O C  o r  which range there  was 
an evident temperature sensitivity for the  rad ia t ion  induced 
inac t iva t ion .  
This had not been observed previous t o  t he  
A preliminary form of the  kR term for spore 
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1" nact i  va t i  on has been determi ned by f i  tti ng the i nact i  vat< on r a t e s  
due t o  rad ia t ion  a t  2 5 O C  and several  dose r a t e s  w i t h  a s t r a i g h t  
line us ing  a l e a s t  squares norm. 
form f o r  the parameter kR o f  
This provides an approximate 
kR = 0.02336 rd. 
This expression is probably s l i g h t l y  i n  e r r o r  and wil l  be 
ref ined when rad ia t ion  inac t iva t ion  r a t e s  a t  lower temperatures 
a r e  determined . 
Using the  expression f o r  kR defined i n  Equation P, values 
of kTR were determined a t  various temperatures and dose r a t e s  by 
subt rac t ing  the  sum of kR a t  the dose r a t e  o f  i n t e r e s t  and the  
value of kT a t  t he  temperature o f  i n t e r e s t  from the experimentally 
determined value o f  k .  
were then used t o  determine the  parameters of t he  kTR model. 
T h i s  r e su l t i ng  model for the spores is  
The values of kTR determined in this manner 
The above parameter values were found by minimizing the  sum o f  
the  absolute  values of the  di f fe rence  between the  value of kTR 
determined from the  experimental data and the  value predicted by 
the  model using a numerical search rout ine on a CDC FUMl computer. 
The expression for kTR a t  the  dose r a t e  of 3n.F kilorads/hour i s  
34 
Also, the unchanged form of the r a t e  parameter kT i s  
- KT ,12.63/R ,-3359O.n/RT 
k=f - Ti--- 
The form of k result ing from the sum of the expressions i n  
Equations 9 ,  10 and 12  do i n  fac t  provide bet ter  prediction 
o f  thermoradiation inactivation rates  for spores i n  the temperature 
range from 30°C t o  100°C than does the two term model for  k .  
Therefore, the use of the three term model not  only improves 
the model rationale bv including the effect  of temperature 
independent bond breakage, b u t  also provides better predictions 
of experimental resul ts .  
5 .  Comparing Spore and Phage Inactivation Parameters. The fac t  t h a t  
the phage were inactivated i n  a wet system whereas the spores 
were inactivated i n  a dry system provides some problems when 
comparing the two se t s  of inactivation parameters. However, one 
s imilar i ty  between the two models does become readily apparent. 
This s imilar i ty  exis ts  i n  the kR terms of Equations 5 and 9. 
The dose ra te  dependency of the temperature independent bond 
breakage appears t o  be practically the same for both the Td phage 
or the - B e  subt i l i s  var, niger spores. Since b o t h  the Ta phage 
and the spores possess double stranded DNA and since the bond 
breakage i n  the phage does probably occur w i t h i n  i ts  nucleic 
acid s t ructures  the similari ty o f  the kR terms could indicate 
tha t  the spore's nucleic acid is  also the s i t e  of the i n -  
activating bond breakage. This poin t  i s  emphasized by the fact  
tha t  the breakage i s  seemingly independent of the suspending 
medium of the microorganisms, i .e. ,  the phage were suspended 
i n  1% T.S.B., whereas the spores were deposited dry on an 
a1 umi num foi  1 - 
The differences of the parameters i n  the two kTR terms o f  
Equations 6 and 11) are only reasonable since the generation, 
l ifetime, mobility and action of any radiation induced free 
radicals would be very different i n  the wet and dry systems. 
a 
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Water Acti v i  ty  Experiments 
A. Description. The desirabi l i ty  o cl osely control 1 ed RH f1 ow through 
systems i n  water act ivi ty  experimentation was discussed i n  QR’s 13,  
14 and 15, and i n  SC-RR-7Q-439. 
from the unknown effect  o f  pressure on dry heat s t e r i l i za t ion ,  OR’s 
15  and 16, SC-RR-70-439; and Brannen Biophysik - 1 (1970) 55-59. 
In a d d i t i o n  i t  has been hypothesized, SC-RR-70-439, that  the water 
effect  i s  prfmarily evident through changes i n  the activation entropy 
of chemical reactions e 
Briefly, this desirabi l i ty  stems 
Re1 ative humidity control apparatus was designed and constructed 
Descriptions of these apparatus by Whitfield, Garst and Lindell. 
are available i n  SC-RR-70-409, SC-RR-70-775 and QR’s  17 and 18. 
B .  Progress. A ser ies  o f  Aw experiments Table 1 ,  were carr  ed out 
from July through December 1970. Experiments 1 through 6 were per- 
formed ut i l iz ing the equipment described i n  SC-RR-70-40q. W i t h  this 
equipment, we were able t o  cover re la t ive humidits’es from -66% t o  
1.641 a t  ln5OC, the exposure temperature or th i s  se r ies .  In order 
t o  investigate s te r i l i za t ion  a t  lower relat ive humidities, the 
humidity control system described i n  SC-RR-70-775 was used for  
experiments 7 through 26, 
equipment we were able to  detemfne the effect  of re la t ive humidities 
a t  l05OC from .66% down t o  .Nl35%, 
W i t h  the increased capability of this 
For a91 experiments other than 149, 21 23 and approximately 
41 
6 10 spores o f  - B, sub t i l i s  were pipetted on aluminum fo i l  discs. 
fo i l s  were covered by another fo i l  and replicates were loosely wired 
to  a sample strip. 
j a r  over Drieri te and under vacuum o f  22" Hg f o r  15  hours. 
These 
The  sample strips were then placed in a desslcator 
81 though  we had previously determined tha t  samples prepared 
this way gave essentially the same results as spores inoculated on 
planchetts and direct ly  exposed to  the oven environmentg we a g a i n  
verified this similari ty i n  experiment 19. In th i s  experiment 
samples prepared as above and sample s t r ip s  carrying spores on 
open planchetts were simultaneously exposed to  the oven environment. 
The resul ts  shown i n  Figure 1 assured us that covering the fo i l s  d i d  
not appreciably a1 t e r  the resul ts .  
Experiments 21 ,  23 and 25 were preconditioning experiments. 
In experiment 21, one se t  of samples was preconditioned over P?O, 
for one week while the other was preconditioned over P20, for ?S hours, 
both under 22" Hg vacuum. In experiment 23, samples were exposed t o  
30% relat ive humidi ty  a t  ambient pressure for 15  hours. 
iment 25, the spores were lyophilized and held over P,O, a t  a pressure 
nq 
I n  exper- 
L '  
of less t h a n  1 mm Hg f o r  a week. The results of these precondition 
experiments are shown in Figure 2, The results indicate t o  us t h a t  
significantly different preconditioning environments do not materia 
effect  the resul ts* 
Results for  the relat ive humfdities from -01?5% and l e f X  are 
indicated i n  Figure 3. The abscissa gives re la t ive humidity a t  
1 0 5 O C  and the ordinate shows the r a t i o  o f  survivors a f t e r  fou r  hours 
exposure a t  the indicated re la t ive  humidity t o  the i n i t i a l  pop- 
ulation, The data indicate t h a t  the hypothesized d i p  i n  B value 
associated w i t h  monolayer s t a t e  of adsorbed water probably ex is t s  e 
Further analysis and experiments are required for more def in i te  
concl us i ons e 
Figure 4 shows a more complete s e t  of results of N ( t ) / N ( O )  
a f t e r  4 hours a t  105°C for  the RH range .r)035% t o  .14X. The RH 
scale  here i s  considerably expanded. 
Our next ser ies  wil involve different  temperatures and the 
same RH set t ings so that phvsi co-chemical parameter values can be 
obtained for  use in prev ously developed modeling o f  water ac t iv i ty .  
The modeling technique is  described in SC-RR-7n-439. 
Equipment for  controlling b o t h  pressure and RH is  now being 
fabricated. 
equipment will hopefully answer questions raised and discussed in 
SC-RR-70-439 concerning pressure effects i n dry heat s t e r i  1 i z a t i  on 
without unnecessary complications from RH effects e 
The ser ies  o f  experiments t o  be carried o u t  with th i s  
TABLE I 
Experiment 
NO. 
1 
-- 
6 
7 
9 
9 
i n  
11 
12  
13 
14 
1 5  
16 
17 
18 
19 
20 
21 
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23 
26 
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% RH -Date 
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-
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p/a/7n . 2 5  
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Computerized Identi ication System 
A.  Description, The objective o his ac t iv i ty  has been the develop- 
ment of a computer simulat’8”on the PHS microbiological ident i f icat ion 
scheme being used a t  Cape Kennedy. 
was reported i n  QR-15. The computer program accomplishing this  
simulation had t o  be written so t h a t  i t  could easily be modified 
t o  include the PHS improvements i n  t he i r  identification system. To 
accomplish t h i s ,  a very general approach was adopted so  that  a 
program could be written which performed the identification in a 
manner similar t o  t h a t  used i n  the f eas ib i l i t y  previously reported, 
b u t  contained almost none of the PHS identification scheme. Hence, 
the scheme i t s e l f  could be read in as an input and thus easi ly  
modified a t  any time with l i t t l e  o r  no change t o  the program i t s e l f .  
As a resu l t  of this  abstract  approach, almost any identification 
system could be simulated in addition t o  the one in use by the PHS. 
Thus i t  could be used for other applications i n  addition t o  the one 
for which i t  was developed, namely, incorporation into the Lunar 
Information System. This incorporation i s  planned t o  take place 
in time for  use on Apollo 14 .  
Feasibi l i ty  of such a sl’mulation 
B. Progress, As indicated in the previous quarterly report ,  the 
program for the computerized identfffcation scheme has been written 
and checked o u t ,  
th is  has been wrjtten. Also, the program has been prepared 
inclusion i n t o  QUAL i n  the Lunar Info a t i o n  System a t  Cape Kennedy. 
During th i s  quarter,  a Research Report documenting 
The program has been used w i t h  available data on Apollos 10 ,  11 
and 13 t o  further check the program and obtain estimates of i t s  accu- 
racy and efficiency i n  simulating PHS identifications e 
1 2  
The PHS identification system was f i r s t  used for  Apollo 1Q and 
although i t  has been used for  a91 succeeding f l i gh t s ,  improvements 
have been added. 
As a resu l t  of the data already accumulated, large portions were 
completely rewritten and new identification schemes added t o  the 
system. 
form was rewritten. 
of the system which identified orqanisms as Staphylococcus - o r  
- Micrococcus (Scheme A ) ,  so the program could be used w i t h  this d a t a  
on a comparative basis for  a l l  Apollo missions sampled. 
The biggest change occurred just prior t o  Apollo 13. 
The organism cateqories were redefined a n d  the d a t a  reportinq 
There were no changes that  affected t h a t  po r t ion  
As discussed i n  the QR-15 where the program used t o  establish 
feas ib i l i ty  was reported, the PHS identification does not always lead 
to  a unique identification because of occasional t e s t  v a r i a b i l i t y .  
As a resu l t  , the PHS adopted a s e t  o f  conventions to determine when 
an identification could be made. If  a l l  o f  the data i s  available 
and agrees w i t h  tha t  specified for  an organism category, there i s  
no diff icul ty:  th i s  is  termed a n  exact identification. I t  i s  pos- 
s ib le  for  the d a t a  to  disagree w i t h  a single organism category by a 
single t e s t  resu l t ,  i n  which case an identification i s  made and 
referred to as one single disagreement. Similarly, disagreement of 
the d a t a  w i t h  tha t  specified by the identification system can occur 
between two organism categories by a single (perhaps d i  
fo r  each category) t e s t  resul t .  
the ident i f icat ion.  This i s  referred t o  as a single disagreement. 
Similarly, three single disagreements are allowed and one of the 
categories i s  chosen for  the ident i f icat ion.  Occasionally, 
biological variation makes necessary an identification even though  
two tes t s  disagree w i t h  those specified by the identification system 
for  an organism category. This i s  permitted i f  only one organism 
i s  involved and i s  denoted as one double disagreement. The computer- 
ized identification system program records by w h i c h  of the above 
PHS conventions an identification was made. As incorporated i n  QUAL, 
the program will further simulate PHS practice i n  choosing between the 
multiple poss ib i l i t i es  for  ident i f icat ion,  t h a t  i s :  which of the 
two or three poss ib i l i t i es  are t o  be used as an identification will 
Here one of the two i s  chosen as 
be incorporated i n  a uniform manner. 
program, a l l  multiple identification poss ib i l i t i es  were l i s ted  and 
compared w i t h  PHS ident i f icat ion.  
occurred i f  the PHS ident i f icat ion was among those l i s ted  by the 
computer + 
During the checking of the 
I t  was considered t h a t  agreement 
The program (with the PHS identification system input d a t a  
specified for  Apollo 9 3 )  was r u n  with the available d a t a  f r  
Apollo f l igh ts ,  t h a t  i s ,  In t h rough  13. As previously mentioned, 
the system involving the Baird-Parker scheme (Scheme A )  
was not  changed throughout  these four missions, The resul ts  for  
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Scheme A are presented i n  Figure 1.  In igure 1 the entries a re  
the number of times agreemento i n  the above sense, was obtained w i t h  
the PHS Identification. The column headed "Total"  gives the total  
number of agreements obtained fo r  each organism category i n  Scheme A .  
The column headed "PHS Total" l i s t s  the number o f  PHS identifications 
as obtained from QUALSUM. 
columns represents the number of disagreements between the comput- 
erized scheme and the PHS identification. The percentages o f  agree- 
ment a r i s i n g  from each type of agreement and for  the whole of Scheme A 
for each f l i g h t  are l i s ted  below the body o f  the table.  
venient comparison, these are reproduced here: 
The difference between the two "total"  
For con- 
Agreement 
Exact 1 Single 2 Single 3 Single 1 Double Total 
Apollo 10 38 25 19 a n-6 91.6 
Apollo 11 4n 33 1 6  f3 1 .o 88 .n 
Apollo 12 dfi 25 1 5  7 n. 1 03.1 
Apollo 13 51 17 94 1 n  Q - 1  93.1 
As can be seen, the total  agreement runs somewhat i n  excess o f  
90%. 
table i l l u s t r a t e s  a number of interesting p o i n t s .  
would appear that  w i t h  increasinq experience the percentage o f  exact 
identification increases while the frequency w i t h  which the con- 
ventions dealing with one or two disagreements between the t e s t  data 
and those specified for  the identified organism decrease. There i s  
In addition t o  evaluating the identification program, the above 
For example, i t  
52 
an exception t o  this trend i n  the case o 3 single disagreements. 
Since the program now operates i n  a mode t h a t  i s  compatible 
w i t h  the identification scheme fo r  the whole o f  Apollo 93, a com- 
parison for  a l l  categories on this mission can be obtained. 
this case, for  the 3020 samples taken for  Apollo 13 there was 
agreement i n  935 cases g i v i n g  91.6% agreement on a l l  categories 
on this mission. It should be noted tha t  some keypunch errors s t i l l  
remain on the available data cards. Furthermore, inspection reveals 
that  some o f  the disagreements a re  a resul t  of incomplete data. 
Hence the 8.4% disagreements would i n  fact  be smaller i f  these 
d i f f i cu l t i e s  were corrected. 
the computer's inabi l i ty  t o  make an identification within the afore- 
mentioned s e t  o f  rules (e.g.g i t  may find - two double disagreements) 
while persons a t  the bench - do ass ign  an identification. T h i s  i s  a 
type o f  disagreement about which l i t t l e  can be done w i t h o u t  further 
analytical e f for t .  
In 
Many of the disagreements a r i se  from 
T h i s  act ivi ty  i s  essentially completed. An approach t o  simulating 
the PHS microbiological identification system has been developed w h i c h  
permitted the w r i t i n g  of a program which simulates the identification 
process w i t h  mo ccuracy. A document detail ing th i s  approach 
and program has been written. The program will be incorporated i n t o  
QUAL A S  p a r t  of the Luna Information System 9"n time for use w i t h  the 
Apollo 14  data, 
APOLLO 10 APOLLO 1' 
Org. Exact 1 S ingle  2 S ingle  3 S ingle  1 Double Total  PHS Total  Org. Exact 1 S ingle  2 S ingle  3 Single  1 Double Total  PHS Total 
1 44 
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3 1 3  
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Presentations and Briefings 
1, H. D. S i v i n s k i ,  V. b. Bugan and W .  J .  Whitfield attended a con- 
ference a t  JPL, Pasadenag Cal i forn ia ,  September 2 3 ,  9970 on Radiation 
S t e r i l i z a t i o n  Experimentation. 
e ~ ~ a n n e n  attended the la70 Fall  SIAM Meeting, Bostcn, 
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5. H. D. Sivinski spoke t o  the Logistics Qanaqement Class, nlF;.?rd I'SAR 
School, Albuquerque, New Mexico on November 5 ,  1977 on "Planetary 
Quaranti ne. I' 
6 .  H .  D. Sivinski, W .  J .  Whitfield and C. A. T r a u t h ,  J r .  attended the 
semi-annual Spacecraft Steri l ization Technology Seminar in Williams- 
burg ,  Virginia, on December 1 and 2 ,  lQ7n. Papers presented were 
"Thermoradiati on Model i ng , I i  and "Open and C1 osed Systems in Thermo- 
radiation Ster i l izat ion,"  by C .  A. Trauth ,  J r .  and "Thermoradiation 
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by W .  3. Whitfield. 
7 .  H. D. Sivinski and J .  P. Brannen presented a ser ies  o f  invited b i o -  
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December 8 and 9 ,  197cl. The topics were "Use and Misuse of Kinetic 
Models in Biomathematics," "Computerimed Biomodeling," Yome Ccn- 
sequences o f  Computerized Bicmodel ing and "Some Applications o f  
Crmputeri zed Biomodel i n9 t o  P1 anetary Ouaranti ne Problems I' 
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Committee Acti vi t i  es 
1. D. M. Garst conducted a committee meeting and made a report to the 
National Council 
December 2 and 3 ,  1970. 
Midyear Meeting of AACC, a t  Scottsdale, Arizona on 
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